Abstract: Quenching and partitioning (Q&P) steels show a good balance between strength and ductility due to a special heat treatment that allows to adjust a microstructure of martensite with a fraction of stabilized retained austenite. The final heat treatment step is performed at low temperatures. Therefore, joining of Q&P steels is a big challenge. On the one hand, a low joining temperature is necessary in order not to influence the adjusted microstructure; on the other hand, high joint strengths are required. In this study, joining of Q&P steels with Ag nanoparticles is investigated. Due to the nano-effect, high-strength and temperature-resistant joints can be produced at low temperatures with nanoparticles, which meets the contradictory requirements for joining of Q&P steels. In addition to the Ag nanoparticles, activating materials (SnAg and Sn) are used at the interface to achieve an improved bonding to the steel substrate. The results show that the activating materials play an important role in the successful formation of joints. Only with the activating materials, can joints be produced. Due to the low joining temperature (max. 237 • C), the microstructure of the Q&P steel is hardly influenced.
Introduction
Quenching and partitioning (Q&P) steels are C-Mn-Si multiphase steels with an excellent balance between strength and ductility, which receive their properties from a special heat treatment consisting of a Q&P process. These steels are very interesting for lightweight and safe automotive structures [1] and have been intensively investigated in recent years. Quenching and partitioning steels close the gap between the first generation of advanced high-strength steels (AHSS), such as dual phase (DP) steels, complex phase (CP) steels, martensitic (MART) steels or transformation induced plasticity (TRIP) steels and the second generation of AHSS, such as twinning-induced plasticity (TWIP) steels or Al-added lightweight steels with induced plasticity (L-IP), see Figure 1 . Significant advantages of Q&P steels include (i) a reduced amount of alloying elements and thus lower costs in comparison to second generation AHSS, and (ii) improved mechanical properties compared to first generation AHSS, see Figure 1 [2, 3] . Therefore, Q&P steels represent a promising approach for the third generation of AHSS [3] . With this heat treatment, which was first proposed by Speer et al. [4] , a microstructure of martensite with a well-defined fraction of retained austenite can be obtained. This results in a good balance between high strength (1000-1400 MPa [9] ) and ductility (10-20% [9] ), and therefore in a mostly ductile fracture behavior. Depending on the selected temperatures (one-step or two-step Q&P) and holding times, the properties of the steel can be specifically influenced [2, 5, 6, [10] [11] [12] .
For an industrial application of Q&P steels, developments and investigations of joining methods is an important field. In previous studies, in particular, resistance spot welding, which is the primary method in automobile manufacturing [13] , was investigated for joining [9, [13] [14] [15] [16] [17] . It was shown that joining of Q&P steels by resistance spot welding is usually possible but that the microstructure of the Q&P steels is often entirely changed, resulting locally in a loss of the desired mechanical properties [13, 14, 17] . For example, in Reference [17] it was found that due to the welding process, the martensite exhibited a reduced hardness and the austenite was converted into bainite. Moreover, alloying elements, for example P and B, in the steel can affect the weldability by forming inclusions in the fusion zone and undesirable phases in the heat-affected zone [14] .
Since the multi-phase microstructure of the Q&P steel is essential for the balance in terms of strength and ductility, a modification of the microstructure during subsequent joining processes should be avoided. The last heat treatment step (partitioning) is performed at relatively low (quenching) is rapid cooling to a quenching temperature (Tq) between the martensite-start temperature (Ms) and the martensite-finish temperature (Mf), which results in a well-defined microstructure of martensite and austenite. In the second step (partitioning), an isothermal holding at Tq (one-step Q&P) or above Tq (two-step Q&P) is performed. This leads to carbon diffusion from the supersaturated martensite into austenite, resulting in a stabilization of austenite after subsequent cooling to room temperature and in a reduction of internal stresses in the martensite phase [2, [4] [5] [6] [7] . The formation of carbides during this heat treatment is inhibited due to alloying with Si or Al [4, 8] . With this heat treatment, which was first proposed by Speer et al. [4] , a microstructure of martensite with a well-defined fraction of retained austenite can be obtained. This results in a good balance between high strength (1000-1400 MPa [9] ) and ductility (10-20% [9] ), and therefore in a mostly ductile fracture behavior. Depending on the selected temperatures (one-step or two-step Q&P) and holding times, the properties of the steel can be specifically influenced [2, 5, 6, [10] [11] [12] .
Since the multi-phase microstructure of the Q&P steel is essential for the balance in terms of strength and ductility, a modification of the microstructure during subsequent joining processes should be avoided. The last heat treatment step (partitioning) is performed at relatively low With this heat treatment, which was first proposed by Speer et al. [4] , a microstructure of martensite with a well-defined fraction of retained austenite can be obtained. This results in a good balance between high strength (1000-1400 MPa [9] ) and ductility (10-20% [9] ), and therefore in a mostly ductile fracture behavior. Depending on the selected temperatures (one-step or two-step Q&P) and holding times, the properties of the steel can be specifically influenced [2, 5, 6, [10] [11] [12] .
Since the multi-phase microstructure of the Q&P steel is essential for the balance in terms of strength and ductility, a modification of the microstructure during subsequent joining processes should be avoided. The last heat treatment step (partitioning) is performed at relatively low temperatures, for example at 250 • C in our own experiments, see Section 2.1. Therefore, joining of Q&P steels without influencing the microstructure is a big challenge. On the one hand, a low joining temperature is necessary in order not to influence the partitioned microstructure; on the other hand, high joint strengths are required. A new way of meeting these two contradictory requirements is joining with nanoparticles, which has been the subject of intensive research in recent years. Joining with nanoparticles exploits the effect that nanoparticles exhibit lower melting and sintering temperatures compared to the corresponding bulk material because of the large surface-to-volume ratio. This enables joining at lower temperatures. The main advantage is that after melting and sintering of the particles, i.e., after the joining process, the material possesses the properties of the bulk material so that high-strength and temperature-resistant joints can be produced at low temperatures. In addition, hybrid joints, such as metal-ceramic joints, can be produced in this way, which is not feasible with fusion welding processes. Until now, joining with nanoparticles has mostly been investigated as an alternative for electronic packaging, i.e., for components subjected to low mechanical stresses [18] [19] [20] [21] [22] [23] . However, our own recent studies show that joining with nanoparticles is also suitable for components subjected to high mechanical loads if suitable process parameters are used [24] [25] [26] . In summary, joining with nanoparticles represents an interesting alternative to perform joining processes at low temperatures, which allows to maintain the specific microstructure and mechanical properties of Q&P steels. In the present study, joining of Q&P steels using Ag nanoparticles is investigated. As a novelty, additional activating materials (SnAg and Sn) were used at the interface to achieve an improved bonding to the steel substrates.
Materials and Methods

Steel Composition and Heat Treatment
The chemical composition of the used steel is summarized in Table 1 . The high Si content prevents the formation of carbides [8] . For the Q&P heat treatment, sheets with a thickness of 10 mm were heat-treated according to the temperature-time regime shown in Figure 3 . Austenitization was performed at 950 • C. After quenching to 350 • C in water, the sheets were further cooled down to 150 • C in a molten salt bath. This was followed by a dwell time of 5 min in the salt bath (150 • C). Partitioning was performed at a temperature of 250 • C, first by heating to 250 • C over a period of 35 min and finally by holding at this temperature for 10 min. Cooling to room temperature took place in air. With this heat treatment, high strength, and good ductility can be achieved in this Q&P steel, as documented by an ultimate tensile strength and fracture strain of R m = 1970 MPa and A 5 = 13.7%, respectively [27] . The samples for joining tests were cut from the heat-treated sheets using electric discharge machining. The sample geometry is shown schematically in Figure 4 . 
Joining Experiments
For joining, the heating of the samples was carried out in air by means of induction. The influence of different materials and process variations on the microstructure of the joints was investigated. Different nanopastes were used, in which the nanoparticles are suspended in solvents. Moreover, dispersing agents were added because they can prevent agglomeration of the particles.
A first series of experiments was performed with a Ni nanopaste. The composition of this paste, which was custom-made, is shown in Table 2 . The preparation of the paste is described in Reference [26] . For joining with this nanopaste, a joining temperature of 650 °C, a joining pressure of 20 MPa, and a holding time of 10 min were used. In further experiments, a commercially available Ag nanopaste (Harima Chemicals, Inc., Japan) was used for joining. The composition of the Ag nanopaste is shown in Table 3 . Joining with this paste has already been investigated in References [24, 25] . For joining with this nanopaste, 
A first series of experiments was performed with a Ni nanopaste. The composition of this paste, which was custom-made, is shown in Table 2 . The preparation of the paste is described in Reference [26] . For joining with this nanopaste, a joining temperature of 650 • C, a joining pressure of 20 MPa, and a holding time of 10 min were used. In further experiments, a commercially available Ag nanopaste (Harima Chemicals, Inc., Nagoya, Japan) was used for joining. The composition of the Ag nanopaste is shown in Table 3 . Joining with this paste has already been investigated in References [24, 25] . For joining with this nanopaste, temperatures of 250 • C and 300 • C were tested with a holding time of 10 min and a joining pressure of 40 MPa. Furthermore, in addition to the Ag nanopaste, low-melting materials were used at the edges of the substrates as an activating material to achieve an improved bonding. The enhanced bonding in this case was obtained by the melting process of the activating material, in contrast to the use of nanomaterials that usually only bind by sintering processes, i.e., in a solid phase process [24, 25] . The use of activating materials results in a kind of sandwich structure of the joining seam (as shown schematically in Figure 5 ). The activating material only needs to fulfill the function of bonding between filler material and substrate and should therefore be as thin as possible. In contrast, the Ag nanopaste should be thicker than the activating material since the significantly improved properties of Ag, in particular strength and thermal stability, shall dominate the properties of the joining seam. It was also envisaged that the molten material could fill the pores that were formed by the sintering process of the nanopaste [24, 25] . Thus, a denser joining seam might be achieved, which would have a positive effect on the strength of the joints.
In a first step, various SnAg solders were examined as activating material. The solders (available in the initial state as wire) were rolled into foils with thicknesses of approximately 20 µm, so that the foils could be applied directly on the surface of the substrate. For the experiments, three different solders with and without flux and with different holding times were tested ( Table 4 ). The joining temperature was 230 • C, and thus below the last step of the Q&P heat treatment, so that an influence on the steel's microstructure is unlikely.
In the second step, pure Sn wires were rolled into foils with a thickness of approximately 20 µm and were used as activating material with an increased joining temperature of 237 • C. In addition, different holding times and various thicknesses of the nanopastes were tested, see also Table 4 .
For preparation of the specimens, the Ag nanopaste was applied on one side of the foils (Sn and SnAg) with the thickness given in Table 4 using a screen-printing process. All joining tests with the activating materials were performed without pressure. The specifications of the activating materials and the corresponding parameters for the joining tests are summarized in Table 4 . In a third step, Sn coatings were applied to the Q&P substrates using physical vapor deposition (PVD). The aim was to realize thinner Sn layers compared to the foils. Layer thicknesses of 3 µm, 10 µm, and 20 µm were investigated (Table 5) . At a joining temperature of 237 °C, holding times of 3 min and 5 min were examined ( Table 5 ). The Ag nanopaste was applied on one side of the PVD coating with a thickness of 20 µm. Joining was carried out without pressure. All joints were investigated regarding to the resulting microstructure. A light microscope (OLYMPUS GX51) and a scanning electron microscope (SEM, NEON40EsB) were used.
Results and Discussion
Joining without Activating Materials
For joining without activating materials, a Ni nanopaste and an Ag nanopaste were used. Relatively high temperatures of at least 650 °C are required for joining with Ni nanopaste [26] . Even if an influence on the Q&P microstructure was to be expected when using such high joining temperatures, the basic feasibility of joining with a Ni Nanopaste should still be examined. Figure 6 shows that joining of the Q&P steel with a Ni nanopaste is basically possible (joining temperature: 650 °C, holding time: 10 min, joining pressure: 20 MPa). A bonding can be successfully achieved. However, the optical micrographs already show that the microstructure of the Q&P steel is In a third step, Sn coatings were applied to the Q&P substrates using physical vapor deposition (PVD). The aim was to realize thinner Sn layers compared to the foils. Layer thicknesses of 3 µm, 10 µm, and 20 µm were investigated (Table 5) . At a joining temperature of 237 • C, holding times of 3 min and 5 min were examined ( Table 5 ). The Ag nanopaste was applied on one side of the PVD coating with a thickness of 20 µm. Joining was carried out without pressure. All joints were investigated regarding to the resulting microstructure. A light microscope (OLYMPUS GX51) and a scanning electron microscope (SEM, NEON40EsB) were used.
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Joining with Activating Materials
Joining with SnAg Solders as Activating Material
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Joining with SnAg Solders as Activating Material
Low melting materials were used as activating material in combination with the Ag nanopaste to achieve an enhanced bonding through melting of the activating material and miscibility between substrate and activating material. In a first step, SnAg solders were investigated as activating materials. Three different solders with and without flux were tested (Table 4) . Joining was again carried out at a temperature of 230 • C, i.e., below the last step of the Q&P heat treatment. For the joining experiments, different holding times were tested (Table 4) . The joining process with the activating materials was performed without pressure. Figures 8-10 show optical micrographs of the joints with the different solders. The micrographs demonstrate that bonding can be achieved with all three solders. When using the solder SnAg3.5 without flux (Figure 8 ), a comparatively long holding time of 30 min was chosen to achieve a sufficiently good bonding to the Q&P steel even without flux. However, this long holding time leads to a distinctive formation of intermetallic compounds (IMC) in the joining seam. On the one hand, EDX analyses show that these are the typical Ag 3 Sn phases (Figure 11 ). On the other hand, FeSn 2 phases also formed due to the long holding time, and thus the possibility of intensive diffusion between joining seam and substrate. Compared to Ag 3 Sn, much more FeSn 2 phases formed. In comparison to the other two SnAg solders SnAg4 and SnAg5, where a short holding time of 10 min was used, with SnAg3.5 more IMC formed due to the long holding time of 30 min (Figures 8-10) . Therefore, it must be assumed that the mechanical properties were negatively influenced when using a long holding time. In future investigations, an optimum holding time needs to be identified, with the goal of obtaining a minimized formation of IMC but also a sufficient bonding to the substrate. Figure 12 , which depicts the interface between substrate and joining seam (solder: SnAg3.5), clearly shows that good bonding can be achieved even without flux. Pronounced diffusion processes take place between activating material and substrate-even in areas far from the substrate, the joining seam contains approximately 2 at% Fe. In the substrate, an interesting diffusion behavior along the typical Q&P structure can be observed, Figure 12 . Sn from the solder can be detected in the substrate up to a depth of approximately 4 µm. This pronounced diffusion indicates that the holding time can be reduced to minimize the formation of brittle phases. Therefore, in further tests the holding time was varied (see Section 3.2.2) to achieve an optimum between minimized formation of IMC and sufficient bonding. (Figure 8 ), a comparatively long holding time of 30 min was chosen to achieve a sufficiently good bonding to the Q&P steel even without flux. However, this long holding time leads to a distinctive formation of intermetallic compounds (IMC) in the joining seam. On the one hand, EDX analyses show that these are the typical Ag3Sn phases (Figure 11 ). On the other hand, FeSn2 phases also formed due to the long holding time, and thus the possibility of intensive diffusion between joining seam and substrate. Compared to Ag3Sn, much more FeSn2 phases formed. In comparison to the other two SnAg solders SnAg4 and SnAg5, where a short holding time of 10 min was used, with SnAg3.5 more IMC formed due to the long holding time of 30 min (Figures 8-10) . Therefore, it must be assumed that the mechanical properties were negatively influenced when using a long holding time. In future investigations, an optimum holding time needs to be identified, with the goal of obtaining a minimized formation of IMC but also a sufficient bonding to the substrate. Figure 12 , which depicts the interface between substrate and joining seam (solder: SnAg3.5), clearly shows that good bonding can be achieved even without flux. Pronounced diffusion processes take place between activating material and substrate-even in areas far from the substrate, the joining seam contains approximately 2 at% Fe. In the substrate, an interesting diffusion behavior along the typical Q&P structure can be observed, Figure 12 . Sn from the solder can be detected in the substrate up to a depth of approximately 4 µm. This pronounced diffusion indicates that the holding time can be reduced to minimize the formation of brittle phases. Therefore, in further tests the holding time was varied (see Section 3.2.2) to achieve an optimum between minimized formation of IMC and sufficient bonding. The marks in Figure 13 show residues of the Ag sintered seam (activating material: SnAg3.5). Contrary to the assumption that the molten solder might fill the pores of the sintered seam, the sintered Ag material is distributed in the liquid solder. In addition, Ag does not dominate the joining seam. The Ag nanopaste was applied with a thickness of 20 µm, because this paste thickness was determined as an optimum for sintering [24] . The sintering process obviously causes shrinkage of the between joining seam and substrate. Compared to Ag3Sn, much more FeSn2 phases formed. In comparison to the other two SnAg solders SnAg4 and SnAg5, where a short holding time of 10 min was used, with SnAg3.5 more IMC formed due to the long holding time of 30 min (Figures 8-10) . Therefore, it must be assumed that the mechanical properties were negatively influenced when using a long holding time. In future investigations, an optimum holding time needs to be identified, with the goal of obtaining a minimized formation of IMC but also a sufficient bonding to the substrate. Figure 12 , which depicts the interface between substrate and joining seam (solder: SnAg3.5), clearly shows that good bonding can be achieved even without flux. Pronounced diffusion processes take place between activating material and substrate-even in areas far from the substrate, the joining seam contains approximately 2 at% Fe. In the substrate, an interesting diffusion behavior along the typical Q&P structure can be observed, Figure 12 . Sn from the solder can be detected in the substrate up to a depth of approximately 4 µm. This pronounced diffusion indicates that the holding time can be reduced to minimize the formation of brittle phases. Therefore, in further tests the holding time was varied (see Section 3.2.2) to achieve an optimum between minimized formation of IMC and sufficient bonding. The marks in Figure 13 show residues of the Ag sintered seam (activating material: SnAg3.5). Contrary to the assumption that the molten solder might fill the pores of the sintered seam, the sintered Ag material is distributed in the liquid solder. In addition, Ag does not dominate the joining seam. The Ag nanopaste was applied with a thickness of 20 µm, because this paste thickness was determined as an optimum for sintering [24] . The sintering process obviously causes shrinkage of the The marks in Figure 13 show residues of the Ag sintered seam (activating material: SnAg3.5). Contrary to the assumption that the molten solder might fill the pores of the sintered seam, the sintered Ag material is distributed in the liquid solder. In addition, Ag does not dominate the joining seam. The Ag nanopaste was applied with a thickness of 20 µm, because this paste thickness was determined as an optimum for sintering [24] . The sintering process obviously causes shrinkage of the Ag material, leaving behind an even thinner Ag layer. The rolled solder foils had a thickness of approx. 20 µm. A rolling out to thinner foils was not possible with the available rolling mill. Since the properties of the solder dominate the joining seam with this thickness ratio between solder and nanopaste, a thicker paste application was tested in further investigations (see also Section 3.2.2).
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properties of the solder dominate the joining seam with this thickness ratio between solder and nanopaste, a thicker paste application was tested in further investigations (see also Section 3.2.2). With the solders SnAg4 and SnAg5, a significantly reduced formation of brittle phases can be observed due to the shorter holding time of 10 min, where the IMC were formed primarily at the edges of the joining seam (Figures 9-10) . The experiments demonstrated that good bonding to the substrates can also be achieved with these solders. Despite the shortened holding time of 10 min, the diffusion depths (up to 3 µm, Figures 14 and 15 ) are comparable with those of joining experiments with 30 min holding time (Figure 12 ). However, further tests showed that the flux contained in these two solders (2.2.3 in SnAg4 and 2.2.2 in SnAg5) is of critical importance for good bonding. If pure Sn foils are used without flux and the same holding time of 10 min, no comparable diffusion depths can be achieved (see section 3.2.2). With the solders SnAg4 and SnAg5, a significantly reduced formation of brittle phases can be observed due to the shorter holding time of 10 min, where the IMC were formed primarily at the edges of the joining seam (Figures 9 and 10) . The experiments demonstrated that good bonding to the substrates can also be achieved with these solders. Despite the shortened holding time of 10 min, the diffusion depths (up to 3 µm, Figures 14 and 15 ) are comparable with those of joining experiments with 30 min holding time (Figure 12 ). However, further tests showed that the flux contained in these two solders (2.2.3 in SnAg4 and 2.2.2 in SnAg5) is of critical importance for good bonding. If pure Sn foils are used without flux and the same holding time of 10 min, no comparable diffusion depths can be achieved (see Section 3.2.2). properties of the solder dominate the joining seam with this thickness ratio between solder and nanopaste, a thicker paste application was tested in further investigations (see also Section 3.2.2). With the solders SnAg4 and SnAg5, a significantly reduced formation of brittle phases can be observed due to the shorter holding time of 10 min, where the IMC were formed primarily at the edges of the joining seam (Figures 9-10) . The experiments demonstrated that good bonding to the substrates can also be achieved with these solders. Despite the shortened holding time of 10 min, the diffusion depths (up to 3 µm, Figures 14 and 15 ) are comparable with those of joining experiments with 30 min holding time (Figure 12 ). However, further tests showed that the flux contained in these two solders (2.2.3 in SnAg4 and 2.2.2 in SnAg5) is of critical importance for good bonding. If pure Sn foils are used without flux and the same holding time of 10 min, no comparable diffusion depths can be achieved (see section 3.2.2). After joining, the substrate exhibits the typical features of a predominantly martensitic, Q&P microstructure, Figure 16 . This indicates that the joining process (solder: SnAg4, temperature: 230 • C, holding time: 10 min) only leads to negligible microstructural changes. Further work, particularly mechanical testing and additional microstructural analysis, is required to fully support this hypothesis. After joining, the substrate exhibits the typical features of a predominantly martensitic, Q&P microstructure, Figure 16 . This indicates that the joining process (solder: SnAg4, temperature: 230 °C, holding time: 10 min) only leads to negligible microstructural changes. Further work, particularly mechanical testing and additional microstructural analysis, is required to fully support this hypothesis. 
Joining with Sn as Activating Material
Due to the formation of brittle phases when using the solders, the use of pure Sn as activating material was tested in further experiments, especially to prevent formation of Ag3Sn. In addition, the thickness of nanopaste application and the holding time were varied in these tests. When varying the thickness of paste application, the aim was to provide as much Ag as possible in the joining seam compared to Sn, so that Ag dominates the properties of the joining seam. A paste application of 40 µm and 80 µm in combination with a Sn foil thickness of 20 µm was tested. The purpose of varying the holding time was to find an optimum time to minimize the formation of the brittle phases FeSn2. Simultaneously, the aim was to achieve a good bonding as well as diffusion between joining seam and substrate even without flux. Holding times of 3 min and 5 min were investigated. Due to the use of pure Sn, the joining temperature was increased to 237 °C (compared to 230 °C when using the solders), Table 4 . Figure 17 shows an SEM image of the joining seam with a holding time of 5 min and a paste application of 40 µm. In comparison to a holding time of 30 min (Figure 8) , in which the FeSn2 phases are distributed over the entire joining seam, these phases are only formed at the edges of the joining seam when using a holding time of 5 min. In addition, a significantly smaller number of FeSn2 precipitates are formed compared to a holding time of 10 min (Figures 9 and 10) . However, as can be seen in Figure 17 , despite the use of a pure Sn foil, Ag3Sn is formed in the joining seam. It must be assumed that these phases are formed extremely quickly due to the presence of Ag from the nanopaste. Furthermore, the matrix consists of a Sn-Ag eutectic (Sn:Ag 94:6 at%), Figure 17 . Thus, Ag from the nanopaste is "used up" for the formation of Ag3Sn and the eutectic microstructure. 
Due to the formation of brittle phases when using the solders, the use of pure Sn as activating material was tested in further experiments, especially to prevent formation of Ag 3 Sn. In addition, the thickness of nanopaste application and the holding time were varied in these tests. When varying the thickness of paste application, the aim was to provide as much Ag as possible in the joining seam compared to Sn, so that Ag dominates the properties of the joining seam. A paste application of 40 µm and 80 µm in combination with a Sn foil thickness of 20 µm was tested. The purpose of varying the holding time was to find an optimum time to minimize the formation of the brittle phases FeSn 2 . Simultaneously, the aim was to achieve a good bonding as well as diffusion between joining seam and substrate even without flux. Holding times of 3 min and 5 min were investigated. Due to the use of pure Sn, the joining temperature was increased to 237 • C (compared to 230 • C when using the solders), Table 4 . Figure 17 shows an SEM image of the joining seam with a holding time of 5 min and a paste application of 40 µm. In comparison to a holding time of 30 min (Figure 8) , in which the FeSn 2 phases are distributed over the entire joining seam, these phases are only formed at the edges of the joining seam when using a holding time of 5 min. In addition, a significantly smaller number of FeSn 2 precipitates are formed compared to a holding time of 10 min (Figures 9 and 10) . However, as can be seen in Figure 17 , despite the use of a pure Sn foil, Ag 3 Sn is formed in the joining seam. It must be assumed that these phases are formed extremely quickly due to the presence of Ag from the nanopaste. Furthermore, the matrix consists of a Sn-Ag eutectic (Sn:Ag 94:6 at%), Figure 17 . Thus, Ag from the nanopaste is "used up" for the formation of Ag 3 Sn and the eutectic microstructure. Consequently, no high Ag content was available in the joining seam, which was actually expected as an important factor to obtain good mechanical properties for the joint. Figure 18 shows the interface between joining seam and substrate with a holding time of 5 min. Compared to the microstructure after a holding time of 10 min (Figures 14 and 15) , the diffusion zone with a depth of up to 0.5 µm was significantly thinner. Further work on the effect of the thinner diffusion zone on the mechanical properties is currently under way. With a paste application of 80 µm, an increased porosity was observed in the joining seam, which was a result of the thick paste application. A thick application of nanopaste inevitably leads to an increased evaporation of organic substances, and therefore to a higher porosity, which was already observed previously [24] . In this work, an optimum paste application of 20 µm was determined, in which the porosity was "acceptable", because it was low and finely distributed. The application of 20-µm paste was already tested with the SnAg solders but was not suitable due to the lack of options for rolling foils with a thickness of < 20 µm, which is a requirement for the properties of Ag to dominate the joining seam. Accordingly, the goal of further work was to apply thinner Sn layers to the substrates, which would also allow a thinner application of the Ag nanopaste.
Therefore, in further tests, Sn PVD coatings of the Q&P substrates were examined, because via PVD significantly thinner Sn layers can be deposited. Sn layer thicknesses of 3 µm, 10 µm, and 20 µm were tested with a constant nanopaste application of 20 µm (Table 5) . During the experiments, a further advantage was recognized when using the PVD layers. The nanopaste can be applied more easily to the rigid coatings than to the flexible foils.
Indeed, several interesting phenomena, which cannot be fully explained yet, were observed With a paste application of 80 µm, an increased porosity was observed in the joining seam, which was a result of the thick paste application. A thick application of nanopaste inevitably leads to an increased evaporation of organic substances, and therefore to a higher porosity, which was already observed previously [24] . In this work, an optimum paste application of 20 µm was determined, in which the porosity was "acceptable", because it was low and finely distributed. The application of 20-µm paste was already tested with the SnAg solders but was not suitable due to the lack of options for rolling foils with a thickness of < 20 µm, which is a requirement for the properties of Ag to dominate the joining seam. Accordingly, the goal of further work was to apply thinner Sn layers to the substrates, which would also allow a thinner application of the Ag nanopaste.
Therefore, in further tests, Sn PVD coatings of the Q&P substrates were examined, because via PVD significantly thinner Sn layers can be deposited. Sn layer thicknesses of 3 µm, 10 µm, and 20 µm were tested with a constant nanopaste application of 20 µm (Table 5) . During the experiments, a further advantage was recognized when using the PVD layers. The nanopaste can be applied more easily to the rigid coatings than to the flexible foils. With a paste application of 80 µm, an increased porosity was observed in the joining seam, which was a result of the thick paste application. A thick application of nanopaste inevitably leads to an increased evaporation of organic substances, and therefore to a higher porosity, which was already observed previously [24] . In this work, an optimum paste application of 20 µm was determined, in which the porosity was "acceptable", because it was low and finely distributed. The application of 20-µm paste was already tested with the SnAg solders but was not suitable due to the lack of options for rolling foils with a thickness of < 20 µm, which is a requirement for the properties of Ag to dominate the joining seam. Accordingly, the goal of further work was to apply thinner Sn layers to the substrates, which would also allow a thinner application of the Ag nanopaste. Therefore, in further tests, Sn PVD coatings of the Q&P substrates were examined, because via PVD significantly thinner Sn layers can be deposited. Sn layer thicknesses of 3 µm, 10 µm, and 20 µm were tested with a constant nanopaste application of 20 µm (Table 5) . During the experiments, a further advantage was recognized when using the PVD layers. The nanopaste can be applied more easily to the rigid coatings than to the flexible foils.
Indeed, several interesting phenomena, which cannot be fully explained yet, were observed when using the PVD coatings. Whisker formation in the joining seams was often observed (Figures 19  and 20) . Such whisker growth is known from the use of lead-free Sn solders with copper substrates [28] . It is assumed that in particular external or internal stresses lead to the formation of whiskers. Often, intermetallic phases (IMC), especially Cu 6 Sn 5 , were identified as starting point for the formation of whiskers [28] , but also oxide layers on the surface can initiate whisker growth [29] . This whisker formation and growth is not completely understood and discussed controversially in the literature [28] . Also, in the present work, it could not be clarified why whisker formation suddenly starts when using the PVD Sn layers, because the whisker formation was not observed when using Sn foils with the same thickness of 20 µm. Intermetallic phases do not seem to be the starting point for whisker growth, since neither Ag 3 Sn nor FeSn 2 are formed when using the PVD Sn layers (Figure 19 ). In contrast, IMC were observed with the same holding time (5 min) and the same Sn thickness (20 µm) when using Sn foils ( Figure 17 ). Moreover, when using PVD Sn coatings, the joining seam exhibits a completely different microstructure of the matrix compared to the microstructure when using foils: With the same parameters (T = 237 • C, t = 5 min, Sn thickness = 20 µm), no eutectic structure formed when using the PVD coating (Figure 17 vs. Figure 19 ). In addition, the Ag was not used for the formation of Ag 3 Sn, as it was observed when using the foils. Instead, sintered Ag particles were distributed within the joining seam (Figure 21) . A gap remained in the middle of the joining seam, where the Ag nanopaste was applied (Figure 19 ). The Sn layers did not melt together sufficiently, which was likely to have a negative effect on the mechanical properties of these joints. A solution to this issue would be the application of light pressure during the joining process, or a slightly increased joining temperature.
The differences in the formation of the microstructure-no eutectic, no IMC-when using PVD coatings compared to the use of foils with otherwise identical process parameters cannot be explained yet and requires further in-depth studies. In principle, the changed formation of the microstructure can be considered as positive, since Ag is not used up for IMC formation, and therefore, Ag is available in the joining seam. The variations of the Sn layer thickness show that a 10-µm layer is still too thick, since the proportion of Ag in the joining seam is still lower compared to Sn (Figure 21 ). In contrast, with a coating thickness of 3 µm, the joining seam exhibits a high porosity, Figure 22 . The proportion of Sn does not seem to be sufficient to fill the pores that are inevitably formed when using the nanopaste. Therefore, an optimum thickness of the Sn layer should be determined in further experiments. This means, on the one hand, that the layer should be thin enough so that Ag dominates the properties of the joining seam, and on the other hand, a sufficient amount of Sn should be available to fill the pores in the joining seam.
In addition, the interface between joining seam and substrate must be optimized in further tests. Despite using the same surface treatments (i.e., grinding and ultrasonic degreasing in acetone), bonding of the samples with the PVD layer is significantly deteriorated compared to those with the foils. When using the foils, a thin, yet clearly visible diffusion zone in the Q&P steel can be observed with a holding time of 5 min, Figure 18 . In contrast, when using PVD layers, no diffusion zone can be observed, regardless of holding time and Sn thickness. Bonding to the substrate appears insufficient. In some cases, a gap was observed at the interface between substrate and joining seam, (see Figures 19, 21 and 22) . In principle, it should be noted that with a short holding time, flux should probably be used for sufficient bonding, due to the significantly improved bonding when using the solders with flux (Figures 14 and 15) . However, this must be confirmed with strength tests.
with a holding time of 5 min, Figure 18 . In contrast, when using PVD layers, no diffusion zone can be observed, regardless of holding time and Sn thickness. Bonding to the substrate appears insufficient. In some cases, a gap was observed at the interface between substrate and joining seam, (see Figures 19, 21, and 23) . In principle, it should be noted that with a short holding time, flux should probably be used for sufficient bonding, due to the significantly improved bonding when using the solders with flux (Figures 14 and 15) . However, this must be confirmed with strength tests. 
Conclusions
The results show that the activating materials are a key factor for successful bonding to the Q&P steels. Using only the Ag nanopaste, no bonding can be achieved, whereas the combination of Ag nanopaste and activating materials (SnAg or Sn) leads to successful formation of joints. Due to the melting of the activating material and its miscibility with the steel substrate, a pronounced diffusion between joining seam and substrate can be observed when using foils as activating material. Due to the low joining temperatures (max. 237 °C), the microstructure of the steel was hardly influenced by the joining process, which is important to maintain the excellent mechanical properties of the Q&P steel. 
The results show that the activating materials are a key factor for successful bonding to the Q&P steels. Using only the Ag nanopaste, no bonding can be achieved, whereas the combination of Ag nanopaste and activating materials (SnAg or Sn) leads to successful formation of joints. Due to the melting of the activating material and its miscibility with the steel substrate, a pronounced diffusion between joining seam and substrate can be observed when using foils as activating material. Due to the low joining temperatures (max. 237 • C), the microstructure of the steel was hardly influenced by the joining process, which is important to maintain the excellent mechanical properties of the Q&P steel.
During the investigations, two main challenges have been identified when joining with activating materials in combination with the Ag nanopaste: (i) an optimal thickness ratio between the activating material and the Ag nanopaste must be determined, where a good bonding to the substrate is to be ensured, but at the same time the Ag from the nanopaste should dominate the properties of the joining seam; and (ii) an optimal holding time must be found with which the formation of IMC in the joining seam can be minimized, but nevertheless sufficient bonding to the substrate can be achieved.
For different types of activating material (foils vs. PVD coatings), pronounced differences in the microstructure of the joining seam were observed even when using otherwise identical process parameters. These differences cannot be explained completely yet and require additional in-depth studies. Moreover, the influence of different process variations on the mechanical strength of the joints should be investigated. 
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